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Abstract: We extend the description of flavour that exists in the Randall-Sundrum (RS)
model to the soft wall (SW) model in which the IR brane is removed and the Higgs is free
to propagate in the bulk. It is demonstrated that, like the RS model, one can generate the
hierarchy of fermion masses by localising the fermions at different locations throughout the
space. However, there are two significant differences. Firstly the possible fermion masses
scale down, from the electroweak scale, less steeply than in the RS model and secondly
there now exists a minimum fermion mass for fermions sitting towards the UV brane.
With a quadratic Higgs VEV, this minimum mass is about fifteen orders of magnitude
lower than the electroweak scale. We derive the gauge propagator and despite the KK
masses scaling as m2n ∼ n, it is demonstrated that the coefficients of four fermion operators
are not divergent at tree level. FCNC’s amongst kaons and leptons are considered and
compared to calculations in the RS model, with a brane localised Higgs and equivalent
levels of tuning. It is found that since the gauge fermion couplings are slightly more
universal and the SM fermions typically sit slightly further towards the UV brane, the
contributions to observables such as ǫK and ∆mK , from the exchange of KK gauge fields,
are significantly reduced.
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1 Introduction
The soft wall (SW) model was originally proposed as a potential dual to a field theory
with linear confinement [1], the idea being that under the AdS/CFT correspondence bound
states in the, now broken, conformal field theory are conjectured to be dual to Kaluza-Klein
(KK) modes on the gravity side [2]. When, as in QCD, confinement is modelled such that
the quark energy grows linearly with the quark separation then the mass of the nth meson
will be subject to ‘Regge scaling’, m2n ∼ n. However, on the gravity side, when a discrete
KK spectrum is obtained by imposing two hard cut offs on the space, for example by cutting
off the space with two branes, then the KK masses will generically scale as m2n ∼ n2 [3, 4].
In the SWmodel, the hard cut off in the IR of the theory is replaced by a smooth cut off.
To be specific, one considers an AdS5 space which is cut off in the UV by a brane but extends
to infinity in the IR in an analogous fashion to the the RSII model [5]. However, in the IR
the space has a cut off due to a smoothly decaying background value of a ‘dilaton’ given by
S =
∫
d5x
√
ge−ΦL where Φ =
( z
R′
)ν
. (1.1)
Although we refer to this field as a dilaton, it should be stressed this is very much a ‘bottom
up’ model. When ν > 1 this smooth cut off gives rise to a discrete (bosonic) KK spectrum
with [6, 7]
m2n ∼
n2−
2
ν
R′ 2
.
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Hence with ν = 2 one obtains a Regge scaling in the KK spectrum. For the majority of
this paper we shall focus on this scenario, although it is worth pointing out that when
ν < 1 one obtains a continuous KK spectrum, or in other words the propagator has no
poles. Such a scenario is conjectured to be dual to unparticles. When ν = 1 one obtains a
continuous KK spectrum above a mass gap.
In recent years there has been significant interest in the phenomenological implications
of AdS5 in the context of the Randall and Sundrum (RS) model [8]. This is principally
because the model appears to offer a geometrical explanation of the two apparent hierar-
chies of the standard model (SM). In particular by localising the Higgs on the IR brane,
the electroweak scale is gravitionally redshifted down from the Planck scale and hence the
model offers a potential resolution to the gauge hierarchy problem. Likewise, by allowing
the SM fermions and gauge fields to propagate in the bulk, one can use a bulk mass term
to localise the fermions towards the UV and away from the Higgs. Such a scenario not
only offers an explanation of the hierarchy in the fermion masses [9–11] but it also offers
a suppression of potential flavour changing neutral currents (FCNC’s) [12, 13]. While this
provides a compelling description of flavour it is found that a problem arises when one con-
siders the heavier quarks. With the Higgs localised on the IR brane the possible fermion
zero mode masses scale down from the electroweak scale and hence the heavier quarks
typically have to sit quite far towards the IR brane and in a region where FCNC’s are no
longer suppressed. This results in constraints, in particular from K0 − K¯0 mixing, forcing
the mass of the first KK gauge mode to be & 20− 30TeV [14–16].
From the holographic perspective the RS model is conjectured to be dual to a theory
which is closely related to technicolor [17–19], albeit technicolor without linear confinement.
So a natural question one may ask is which of the phenomenological features of the RS
model be translated across to the SW model. For example, can the space be stabilised
such that the gauge hierarchy problem be resolved? When one stabilises such spaces using
the Goldberger-Wise mechanism [20] one finds an IR curvature singularity [21–23]. Hence
with no IR cut off, the SW model suffers from a naked singularity. In any valid solution
the boundary terms in the equations of motions must vanish at this singularity [24]. This
provides an additional constraint, on the SW model, which forbids the space from being cut
off too sharply. In particular it has been argued that a warp factor, sufficient to resolve the
gauge hierarchy problem, can be generated when ν < 1 [25] or ν < 2 [24]. None the less it is
interesting to note that Regge scaling, in the KK masses, occurs in a class of SW solutions
at the limit of what can still potentially offer a resolution of the hierarchy problem.
Of course generating a large hierarchy is only one aspect of resolving the gauge hierar-
chy problem. One must also demonstrate that electroweak symmetry can be broken such
that corrections to electroweak observables do not force the KK scale to a level at which
one reintroduces a so called ‘little hierarchy problem’. In the SW model, with the absence
of an IR brane, the Higgs must necessarily propagate in the bulk. This gives rise to a z
dependent Higgs VEV, h(z) ∼ h0zα. If such a Higgs VEV is too flat then it is found that
one requires fine tuning in order to generate the correct electroweak scale, in particular it
is found that to avoid this tuning α & 2 [26]. However a bulk Higgs also leads to a suppres-
sion in the couplings between KK gauge fields and the Higgs, which in turn gives rise to
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a significant reduction in the constraints coming from electroweak observables [6, 26–28].
The extent to which electroweak constraints are suppressed is sensitive to how flat the
Higgs VEV is although, with a nearly quadratic Higgs VEV, it is possible to reduce the
constraints to MKK & 1TeV without a custodial symmetry [26].
The focus of this paper is to examine whether or not the RS description of flavour can
be translated to models with a SW: Can the model generate a hierarchy of fermion masses
without a hierarchy in the Yukawa couplings, and to what extent are FCNC’s suppressed?
Before one can carry out a meaningful study there are a number of issues that must be
addressed. Firstly, as explained in [29–31], when the fermions are propagating in the bulk,
the smooth cut off provided by the dilaton is not sufficient to give rise to a discrete KK
spectrum. In order to ensure the latter, one must couple the fermions to something that is
gaining a z dependent VEV. A natural candidate for this (used in [29, 30, 32]) is the Higgs.
However here, following [31], we introduce a generic z dependent mass term that could arise
from the Yukawa couplings to the Higgs or some other new physics (such as couplings to
the dilaton or a Goldberger-Wise scalar [33]). It should be stressed that such a z-dependent
term must be present in any realistic soft wall model with bulk fermions. We then proceed
to demonstrate that a hierarchy of fermion masses can be generated when α & 2.
FCNC’s occur in such a model due to the tree level exchange of KK gauge fields. The
standard approach to computing the size of such FCNC’s is to integrate out the KK modes
in order to obtain the coefficients of four fermion operators. The computation of such
coefficients will include a sum over the KK modes. Naively one may be concerned that,
with m2n ∼ n, such a sum would be logarithmically divergent, i.e. such processes would be
dominated by the higher KK modes. It is generally thought, however, that models such
as the present one are effective theories and unknown UV dynamics will cut off any such
divergence. Either way, in section 3, the gauge propagator is computed and it is demon-
strated that, provided the fermion bulk mass is sufficiently z-dependent, this divergence
does not occur at tree level.
In section 4 we compute the tree level corrections to certain flavour violating lepton
decays. This study allows us to check the validity of our approximations against earlier
work [32] and examine some of the central physics. Finally, in section 5, we apply our re-
sults to a study of the quark sector. It should be stressed that this can not be considered a
complete study. Firstly we do not consider SW models in generality but focus on a specific
model with a quadratic Higgs VEV (α = 2) and a quadratic dilaton (i.e. Regge scaling in
the KK spectrum, ν = 2). This model has been chosen since it is believed to be close to the
optimal resolution of the gauge hierarchy problem, i.e. it is still able to generate the large
hierarchy but with minimal constraints coming from the electroweak precision tests [26].
It also allows for a reasonable level of analytical control over the calculation. Secondly we
only consider the tree level contribution to gauge mediated FCNC’s in the kaon sector. As
mentioned, some of the tightest constraints on the RS model come from the contribution
to ǫK coming from the exchange of KK gluons. Hence here we primarily focus on the kaon
sector. It is found that, due to the Higgs propagating in the bulk, all the SM fermion zero
modes can sit further towards the UV brane than in the RS model and hence one finds
that the contribution to ǫK is much smaller in the SW model. So although we focus on
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the kaon sector we anticipate that the same effect would cause an increased suppression in
all FCNC’s compared to that of the RS model, with the Higgs localised on the IR brane.
However, as found in [34], one would anticipate that an analogous suppression of FCNC’s
would be present in the RS model with a bulk Higgs. Although we also find a slight increase
in the universality, of the couplings between KK gauge fields and UV localised fermions,
which is caused by the removal of the IR brane. We conclude in section 6.
2 Obtaining the fermion mass hierarchy in the softwall model
In extending the RS description of flavour to the SW model one faces a number of addi-
tional complications related to the backreaction of the Higgs on the fermion profiles. In the
RS model, studies of flavour typically involve large scans over many possible Yukawa cou-
plings [14–16, 35, 36]. In the SW model, the fermion profiles receive contributions from the
Yukawa couplings and the bulk mass terms. Hence the same scans over parameter space
would be computationally challenging. As explained in [7, 29, 31], an interesting feature of
the SW model is that one must couple the fermions to the Higgs VEV, or some z depen-
dent mass quantity, in order to obtain a discrete KK spectrum and so one cannot simply
neglect such backreactions. In this paper, following [31, 37], we shall employ a bulk mass
term consisting of a constant and a z-dependent part. Fortunately we find that, when the
fermions are localised towards the UV, deformations in the fermion profile brought about
by changes to the constant part of the (effective) bulk mass terms are far larger than those
caused by changes in the z-dependent part. Hence in this paper we shall assume the z
dependence as flavour-independent, giving a universal correction to the fermion profiles.
The validity of this approximation is checked in this paper. In this section we shall clarify
our assumptions, compute the fermion profiles and demonstrate when one can generate a
fermion mass hierarchy.
2.1 The fermion profile
Let us begin by considering the SM fermions propagating in AdS5,
ds2 =
(
R
z
)2 (
ηµνdxµdxν − dz2
)
, (2.1)
where ηµν = diag(+ − −−). The space runs from a UV brane at z = R to infinity but is
dynamically cut off by the background value of the dilaton,
S =
∫
d5x
√
ge−ΦL where Φ = z
2
R′ 2
. (2.2)
As mentioned in the introduction here we shall focus on a quadratic dilaton that yields
Regge scaling in the KK masses. In this model the KK scale will be given by MKK =
1
R′ ,
while the 4D effective Planck mass will be of the order MPl ∼ 1R . Hence, in order to offer
a potential resolution to the gauge hierarchy problem one requires a warp factor of
Ω ≡ R
′
R
∼ 1015.
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Here we shall not consider the stability of the space but simply impose this warp factor
by hand and refer readers to [24] for specific realisations of this model. In order to yield a
low energy chiral SM it is necessary to include both doublets (Ψ) and singlets (Υ) under
SU(2). If one couples the fermions, with a Yukawa coupling Y , to a bulk Higgs (assumed
to be a SU(2) doublet) that gains a VEV h(z) then a single generation is described by
S =
∫
d5x
√
ge−Φ
[
1
2
(iΨ¯ΓM∇MΨ− i∇M Ψ¯ΓMΨ)−MΨΨ¯Ψ
+
1
2
(iΥ¯ΓM∇MΥ− i∇M Υ¯ΓMΥ)−MΥΥ¯Υ + Y (hΨ¯Υ + h.c.)
]
, (2.3)
where ΓM = EMA γ
A, EMA is the Fu¨nfbein, γ
A are the Dirac matrices, ∇M = DM + ωM is
the covariant derivative and ωM is the spin connection. The upper latin indices run over
all five dimensions, while µ, ν run from 0 to 3. Since in five dimensions fermions are not
chiral, one can include a bulk mass term M .
We decompose the fermion field into two Weyl fermions such that Ψ = ψL + ψR and
γ5ψL,R = ∓ψL,R and then make the KK decompositions
ΨL,R =
∑
n
z2
R2
eΦ/2f
(n)
Ψ L,R(z)Ψ
(n)
L,R and ΥL,R =
∑
n
z2
R2
eΦ/2f
(n)
Υ L,R(z)Υ
(n)
L,R, (2.4)
requiring ∫ ∞
R
dz
(
f
(n)
Ψ L,Rf
(m)
Ψ L,R + f
(n)
Υ L,Rf
(m)
Υ L,R
)
= δnm. (2.5)
If one defines the four dimensional effective mass by the Dirac equation iγµ∂µψ
(n)
L,R =
mnψ
(n)
R,L, then the equations of motion are given by [7, 30, 32]
± ∂z
(
f
(n)
Ψ R,L
f
(n)
Υ R,L
)
+
R
z
(
MΨ Y h(z)
Y h(z) MΥ
)(
f
(n)
Ψ R,L
f
(n)
Υ R,L
)
= mn
(
f
(n)
Ψ L,R
f
(n)
Υ L,R
)
. (2.6)
It is now possible to see the double role of the Higgs. Firstly it is giving mass to the fermion
zero modes which are associated with the SM particles. Secondly, in order to arrive at a
discrete fermion KK spectrum, it is necessary for (2.5) to be convergent and hence the
fermion profiles must go to zero as z →∞. Here this is achieved by coupling the fermions
to the Higgs such that limz→∞
h(z)
z = ∞ [30]. One can also see the difficulties that would
arise in scanning over many anarchic Yukawa couplings, since for each 3×3 Yukawa matrix
one would have to solve the six coupled differential equations and normalise all the solutions.
Hence here we shall follow [31] and introduce a z dependent, flavour-diagonal, bulk
mass term
S =
∫
d5x
√
ge−Φ
(
Ψ¯(iΓM∇M −M(z))Ψ
)
, (2.7)
where
M(z) =
c0
R
+
c1
R
zα
R′ α
. (2.8)
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There are two possible interpretations of such a mass term. One possibility is to view such
a mass term as arising from diagonalising (2.6), and hence one would anticipate that there
would be nontrivial relationships between c0 andMΨ/Υ and between c1z
α and Y h(z). This
equivalence has been discussed in [30]. Alternatively one could attribute the term to some
new high scale physics, in which case the exponent of the mass term α need not be the same
as that of the Higgs VEV. Here we shall try to remain as open minded as possible as to the
underlying physics, keeping in mind that, in order to arrive at a discrete fermion spectrum,
c1 cannot be zero and hence any realistic scenario must give rise to such a term. Through
a slight abuse of notation, we shall refer to the c0 term as a bulk mass parameter and the
c1 term as the term arising from the Yukawa coupling. The advantage with introducing
such a mass term is one can now find analytical expressions for the fermion profiles. In
particular after making the same KK decomposition (2.4) such that∫ ∞
R
dz f
(n)
L,Rf
(m)
L,R = δnm, (2.9)
and the equations of motion are now(
∂z ± R
z
M(z)
)
f
(n)
L,R = ±mnf (n)R,L, (2.10)
where the ± act on fL and fR respectively. The zero mode profile (mn = 0) can now be
solved for
f
(0)
L,R =
√√√√√ ±2c1(R′)1∓2c0
(
α
±2c1
)1− 1∓2c0
α
Γ
(
1∓2c0
α ,±2c1α Ω−α
) z∓c0 exp(∓c1
α
zα
R′ α
)
, (2.11)
where Γ(a, x) =
∫∞
x e
−tta−1dt is the incomplete gamma function. Note the zero mode only
exists if c1α > 0 for ψL (and ψR has UV Dirichlet boundary conditions) or
c1
α < 0 for ψR
(and ψL has UV Dirichlet boundary conditions). Also, as in the RS case, the ψL(ψR)
profile will sit towards the UV when c0 >
1
2 (c0 < −12). To find the profiles of the KK
fermions one can combine (2.10) to obtain(
∂2z ∓
(
c0
z2
+
(1− α)c1
z2
zα
R′ α
)
− c
2
0
z2
− 2c0c1
z2
zα
R′ α
− c
2
1
z2
zα
R′ α
+m2n
)
fL,R = 0.
Imposing boundary conditions, obtained from requiring (2.10) to allow a zero mode, this
can be analytically solved when α = 2 to give [31]
f
(n)
L =


N exp
(
−c1z2
2R′ 2
)
z−c0U
(
−R′ 2m2n4c1 , 12 − c0,
c1z2
R′ 2
)
for c1 > 0
−N mn2 exp
(
c1z2
2R′ 2
)
z1+c0U
(
1 + R
′ 2m2n
4c1
, 32 + c0,
−c1z2
R′ 2
)
for c1 < 0
f
(n)
R =


N mn2 exp
(
−c1z2
2R′ 2
)
z1−c0U
(
1− R′ 2m2n4c1 , 32 − c0,
c1z2
R′ 2
)
for c1 > 0
N exp
(
c1z2
2R′ 2
)
zc0U
(
R′ 2m2n
4c1
, 12 + c0,
−c1z2
R′ 2
)
for c1 < 0
(2.12)
where U(α, β, x) are confluent hypergeometric functions or Kummer functions. The KK
masses of these fields have been included in table 1 and are in agreement with [31].
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2.2 The fermion masses
Having obtained the fermion zero mode profile we will treat the fermion mass, arising from
the coupling to the Higgs, as a perturbation. I.e. we let the fermion zero mode masses be
approximated by
Mij =
∫ ∞
R
dz
R
z
Yijh(z)f
i
L(z)f
j
R(z), (2.13)
where i, j are flavour indices and f iL,R is the zero mode profile (2.11) with c0 = c
L,R i
0 and
c1 = c
L,R i
1 . Here we parameterise the Yukawa couplings by Yij = λij
√
R, where λij are
taken to be complex and order one. The Higgs VEV is assumed to be of the form [7]
h(z) = h0R
− 3
2
( z
R′
)α
, (2.14)
where h0 is a dimensionless constant. If one assumes that the c1 term in (2.8) has arisen
from the Higgs VEV then there will be a non trivial relationship between the cL,R i1 values
and h0λij. Since the only way to know such a relationship would be to solve (2.6), one
would wonder whether the situation has been improved. However fortunately it is found
that, when the fermions are sitting towards the UV brane, the four dimensional effective
couplings, that govern the low energy phenomenology, are far more sensitive to changes in
the c0 bulk mass parameters than changes in the c1 parameters. This allows us to make
the approximation of assuming a universal c1 value, i.e. assuming that c
Li
1 = −cRi1 = c1.
Turning back to the fermion masses (2.13) and substituting in (2.11) gives
Mij = h0
λij
R′
2(
1−cLi
0
+c
Rj
0
α
)(cLi1 )
1−2cLi
0
2α (−cRj1 )
1+2c
Rj
0
2α
α
1−α
α (cLi1 − cRj1 )
α−cLi
0
+c
Rj
0
α
Γ
(
α−cLi0 +c
Rj
0
α
,
cLi1 −c
Rj
1
α
Ω−α
)
√
Γ
(
1−2cLi
0
α
,
2cLi
1
α
Ω−α
)
Γ
(
1+2cRj
0
α
,
−2cRj
1
α
Ω−α
) .
(2.15)
Note that the integral in (2.13) is convergent only when α > 0, (cLi1 − cRj1 ) > 0 and
α−cLi0 +cRj0
α > 0. One can also see that the c0 terms always appear in the exponent while the
c1 terms appear in the base. If one now assumes universal c1 values then this expression
simplifies to
Mij = h0
λij
R′
(
α
2c1
)α−1
α Γ
(
α−cLi0 +cR0 j
α ,
2c1
α Ω
−α
)
√
Γ
(
1−cLi0
α ,
2c1
α Ω
−α
)
Γ
(
1+cRi0
α ,
2c1
α Ω
−α
) . (2.16)
This should be compared with the analogous expression for the RS model with the Higgs
localised on the IR brane and f
(0)
(L,R) = Ne
∓cL,Rkr [11],1
Mij =
λijvΩ
k
f iL(R)f
j
R(R) = λijv
√
(1− 2ciL)(1 + 2cjR)
Ω1−c
i
L+c
j
R√
(Ω1−2c
i
L − 1) (Ω1+2cjR − 1)
,
(2.17)
where v ≈ 174GeV is the Higgs VEV.
1Here we have used the metric ds2 = e−2krηµνdxµdxν − dr
2 with r ∈ [0, R] such that Ω ≡ ekR.
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(a) The RS Model (b) α = 1
(c) α = 2 (d) α = 4
Figure 1. The hierarchy of fermion masses for different Higgs VEV exponents. Here c1 = 1 but
it is found that the results are not sensitive to the value of c1, while cL,R refer to the c0 constant
bulk mass terms. We take Ω = 1015 and MKK ≡ 1R′ = 1 TeV.
The ranges of possible masses have been plotted in figure 1. One can see two signifi-
cant differences from the RS case. The first and most obvious, is that as one localises the
fermions closer and closer to the UV one hits a minimum fermion mass. The location of this
minimum is very sensitive to both the warp factor and the form of the Higgs VEV. In par-
ticular one would struggle to generate the hierarchy of fermion masses with a linear Higgs
VEV or, for that a matter, a small warp factor. What is particularly interesting is that the
optimum solutions to the gauge hierarchy problem, found in [26], appear to correspond to
Ω ≈ 1015 and α ≈ 2. This would put the minimum fermion mass about fifteen orders of
magnitude lower than the mass of an IR localised fermion. If one took h0MKK ∼ 100GeV
then this would correspond to a minimum fermion mass of the order 0.1 meV which is
roughly the scale of the observed neutrino masses. It is curious to note that this approxi-
mately corresponds to models which are found to have minimal electroweak constraints [26].
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Hence the majority of this paper will focus on models with α = 2. One could obtain a
lower mass by considering a split fermion scenario, in which the left-handed fermions are
localised towards the opposite side of the space to the right-handed fermions. However
one would suspect that this scenario would give rise to large FCNC’s and hence would not
be phenomenologically viable. Note that this potential relationship between the neutrino
masses and the warp factor, in scenarios with a bulk Higgs, was first pointed out in [38].
The second difference, from the RS model, is the gradient of the slope. In both the
RS model and the SW model the possible masses drop away exponentially. However, in
the SW model, the exponent is no longer constant. This leads us to anticipate small mass
hierarchies for light fermions, such as neutrinos, and larger mass hierarchies between heav-
ier fermions, such as the the top and bottom quarks. This reduced c0 dependence also has
implications in the suppression of FCNC’s which we shall consider in later sections.
It should be noted that, although here we have treated the Yukawa couplings as a
perturbation, these results are in good agreement with the corresponding plot in [30] (with
α = 2 and Ω = 103). One would also expect that these differences would be present in
any model with a bulk Higgs (see for example [33]). Since this notion of a minimum in
the 4D effective Yukawa coupling is generic to all couplings between fermion zero modes
and profiles sitting towards the IR. It is, for example, well known that the same effect is
present in the fermion couplings to KK gauge fields (see figure 2a).
3 The gauge position/momentum space propagator
Having demonstrated that, with α & 2 and Ω = 1015, one can generate the hierarchy
of fermion masses we shall move on to look at FCNC’s. In the RS model, the tree level
exchange of KK gauge fields gives rise to FCNC’s which provide some of the most stringent
constraints on the model. The computations of such processes involve a sum over the KK
tower (∼∑n 1/m2n) which, as already discussed, are potentially logarithmically divergent
with m2n ∼ n. Even if such processes are not divergent, due to the slower convergence with
n, it is clearly necessary to include more KK modes than in the RS model in order to arrive
at an accurate result, although it is not clear how many need to be included. With this in
mind we shall now compute the 5D gauge propagator that inherently includes the full KK
tower. For the remainder of this paper we shall restrict ourselves to studying models with
a quadratic Higgs VEV (α = 2).
3.1 The photon propagator
We start by considering a U(1) gauge field in the space (2.1)
S =
∫
d5x
√
ge−Φ
(
−1
4
FMNF
MN
)
, (3.1)
whereM,N run over the five space time indices and µ, ν run over the four large dimensions.
Integrating by parts and introducing a gauge fixing term of the form
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LGF = − 12ξ Rz e−Φ
(
∂µA
µ − ξeΦ zR∂5(Rz e−ΦA5)
)2
, one gets
S =
∫
d5x
[
e−Φ
2
R
z
Aµ
(
ηµν∂2 −
(
1− 1
ξ
)
∂µ∂ν − e
Φz
R
ηµν∂5
(
e−Φ
R
z
∂5
))
Aν
−e
−Φ
2
R
z
A5∂
2A5 +
ξe−Φ
2
R
z
A5 ∂5
(
eΦ
z
R
∂5
(
e−Φ
R
z
A5
))]
. (3.2)
In this paper we will work at tree level in the unitary gauge (ξ → ∞) and so neglect
contributions from ghosts and the unphysical A5 goldstone bosons. We refer the reader
to [39] for a discussion of alternative gauges. After Fourier transforming with respect to
the four large dimensions, such that pµ = i∂µ, the gauge propagator is given by
〈AµAν〉 = −iGp(z, z′)
(
ηµν − p
µpν
p2
)
, (3.3)
where (
eΦ
z
R
∂5
(
e−Φ
R
z
∂5
)
+ p2
)
Gp(z, z
′) = eΦ
z
R
δ(z − z′). (3.4)
The point of all this is that in order to obtain a 4D effective theory one just has to integrate
out the Green’s function Gp(z, z
′). With a dilaton of the form Φ = z
2
R′ 2
, the most general
solution of (3.4) is
Gp(z, z
′) =
{
Az2M(1− a, 2, z2
R′ 2
) +Bz2U(1− a, 2, z2
R′ 2
) if z < z′
Cz2M(1− a, 2, z2
R′ 2
) +Dz2U(1− a, 2, z2
R′ 2
) if z > z′
(3.5)
where A,B,C,D are constants of integration. We have also introduced the quantity
a ≡ R
′ 2p2
4
,
while M(α, β, x) and U(α, β, x) are again Kummer functions.2 Throughout the remainder
of this paper we will repeatedly use relations taken from [40–42]. Following [39], we intro-
duce u = min(z, z′) and v = max(z, z′) and impose the continuity condition that matches
the two solutions at z = z′, i.e. Gp(u, u) = Gp(v, v), obtaining
Gp(u, v) = Nu
2v2
(
AM
(
1− a, 2, u
2
R′ 2
)
+BU
(
1− a, 2, u
2
R′ 2
))
×
(
CM
(
1− a, 2, v
2
R′ 2
)
+DU
(
1− a, 2, v
2
R′ 2
))
.
Here N is a normalisation constant found by integrating over (3.4) to get the ‘jump’
condition
lim
ǫ→0
∂zGp(u, v)|z′+ǫz′−ǫ= exp
(
z′ 2
R′ 2
)
z′
R
,
2Here we use the notation of [40], although M(α, β, x) can be alternatively denoted by 1F1(α, β, x) or
Φ(α, β, x), and likewise U(α, β, x) can be denoted x−α2F0(α, 1 + α− β); ;−
1
x
) or Ψ(α, β, x).
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giving
N =
Γ(1− a)
2(BC −AD)RR′ 2 ,
where we have used the relation
ex
x (M(1− a, 2, x)U(−a, 2, x) + (1 + a)U(1 − a, 2, x)M(−a, 2, x)) = Γ(1− a).
To fix the constants of integration we impose Neumann boundary conditions on the UV
brane, i.e. ∂uGp(u, v)|u=R = 0, to get
A(a) = (Ω−2 − a)U(1− a, 2,Ω−2)− U(−a, 2,Ω−2), (3.6)
B(a) = (a− Ω−2)M(1− a, 2,Ω−2)− (1 + a)M(−a, 2,Ω−2). (3.7)
Since there is no IR brane, the determination of C and D is a little more subtle. Here
we replace one of the boundary conditions with a ‘normalisability’ condition that dictates
that the propagator be comprised of KK modes which are normalisable with respect to∫∞
R dz e
−ΦR
z f
2
n = 1. This condition implies that∫ ∞
R
dz e−Φ
R
z
Gp(z, z) =
∑
n
∫ ∞
R
dz e−Φ
R
z
f2n(z)
p2 −m2n
∼
∑
n
1
n
. (3.8)
Hence we require that the integral (3.8) be logarithmically divergent. For large x, Kummer
functions scale as M(α, β, x) ∼ Γ(β)Γ(α)exxα−β and U(α, β, x) ∼ x−α. The integrand will then
scale as∫ ∞
R
dz e−Φ
R
z
Gp(z, z) ∼
∫ ∞
R
dz
(
ACe
z2
R′ 2 z−4a−1 + (AD +BC)z−1 +BDe−
z2
R′ 2 z4a−1
)
.
The last term is clearly convergent, and so with A and B already fixed, only by setting
C = 0 can one obtain a logarithmic divergence. This then results in D being arbitrary and
the full propagator being given by
Gp(u, v) = −Γ(1− a)u
2v2
2ARR′ 2
(
AM
(
1− a, 2, u
2
R′ 2
)
+BU
(
1− a, 2, u
2
R′ 2
))
U
(
1− a, 2, v
2
R′ 2
)
.
(3.9)
The KK masses will be given by the poles of the propagator, i.e. when A(a) = 0. Gp(u, v)
will have the same form for the gluons, whereas the W/Z propagator will be slightly de-
formed.
3.2 The W/Z gauge fields
Before considering the W/Z propagator it is useful to first consider the individual KK
modes. Working post spontaneous symmetry breaking, we add to (3.1) a mass term of the
form
∆L = 1
4
h(z)2g2AµA
µ,
where g is the 5D coupling to the Higgs (or for the Z boson 14h(z)
2(g2+g′ 2)AµAµ) and h is
the Higgs VEV (2.14). Carrying out the usual KK decomposition, Aµ =
∑
n fn(z)A
(n)
µ (xµ),
such that ∫ ∞
R
dz e−Φ
R
z
fnfm = δnm, (3.10)
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the gauge profile will then be given by(
∂25 −
(
2z
R′ 2
+
1
z
)
∂5 − g
2h20
2Rz2
( z
R′
)2α
+m2n
)
fn = 0. (3.11)
When α = 2 this can be solved to give
fn(z) = Nz
2 exp
(
1
2
z2
R′ 2
(1− ζ)
)
U
(
1− a˜n, 2, ζ z
2
R′ 2
)
, (3.12)
where we have introduced the quantities
ζ ≡
√
g2h20
2R
+ 1 and a˜n ≡ m
2
nR
′ 2
4ζ
.
Note on sending g2h20 → 0, ζ → 1 and bearing in mind that U(α, β, x) = x1−βU(1 + α −
β, 2 − β, x), one regains the gauge profiles for massless gauge fields found in [7]. We have
also imposed the normalisability condition (3.10) resulting in the coefficient in front of the
M(α, β, x) part of the solution being set to zero. Imposing Neumann boundary conditions
on the UV brane (∂5fn|z=R= 0) then gives(
(1 + ζ)Ω−2 − 2a˜n
)
U
(
1− a˜n, 2, ζΩ−2
)− 2U (−a˜n, 2, ζΩ−2) = 0.
Once again as ζ → 1, the KK masses are the same as those given by the poles of the
propagator (3.6). ζ can then be found by solving(
(1 + ζ)Ω−2 −
M2W/ZR
′ 2
2ζ
)
U
(
1−
M2W/ZR
′ 2
4ζ
, 2, ζΩ−2
)
= 2U
(
−
M2W/ZR
′ 2
4ζ
, 2, ζΩ−2
)
.
With MKK ≈ 1 − 10TeV, then ζZ ≈ 1.28 − 1.0028 and hence when MKK /≫MW/Z then
g2 ∼ O(R). In other words, provided the KK scale is not too large, one does not have to
introduce any couplings that are very large or very small in order to generate the correct
W and Z masses.
We can now estimate h0 by comparison with electroweak observables. Ideally one
should compare to all observables in particular the Fermi constant. However, since one of
the motivations for studying this model was its relatively small electroweak corrections, it
is reasonable to just fit the gauge couplings and h0 to three observables. In particular if
one fits to the Z mass, fine structure constant, α, and weak mixing angle, θw, then
4πα = g2s2wf
2
0 ,
where s2w = sin
2 θw and c
2
w = 1− s2w. We have also introduced the flat normalised photon
gauge profile
f0 =
√
2
R E1(Ω−2)
and E1(x) =
∫ ∞
x
dt
e−t
t
. (3.13)
Hence for a quadratic Higgs VEV we find
h20 ≈
(ζ2Z − 1)c2ws2w
πα E1(Ω−2)
.
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By fitting the couplings of the five dimensional gauge field, g and g′, directly to observables
we are assuming that the ratio of the 5D couplings is the same as the ratio of the 4D ef-
fective couplings. Hence we are neglecting O(M2W/Z/M2KK) corrections to both the W and
Z couplings and masses. One can check the validity of this approximation by numerically
verifying that
ζ2W − 1
ζ2Z − 1
= cˆ2w ≈ c2w,
which gives cˆ2w = 0.7564, 0.7716, 0.7759 and 0.7771 for MKK = 1, 2, 4 and 10TeV. Using
these relations h0MKK ≈ 262 − 245GeV for Ω = 1015 and MKK = 1 − 10TeV. Having
obtained h0 one can now repeat the analysis of the previous section to obtain the W/Z
propagator using(
∂25 −
(
2z
R′ 2
+
1
z
)
∂5 − g
2
Rz2
( z
R′
)4
+ p2
)
G(W,Z)p (z, z
′) = eΦ
z
R
δ(z − z′),
to give
G(W/Z)p (u, v) = −
ζΓ(1− ζ)u2v2 exp
(
1
2
u2
R′ 2
(1− ζ) + 12 v
2
R′ 2
(1− ζ)
)
2ARR′ 2
(
AM
(
1− a˜, 2, ζu
2
R′ 2
)
+BU
(
1− a˜, 2, ζu
2
R′ 2
))
U
(
1− a˜, 2, ζv
2
R′ 2
)
, (3.14)
where a˜ ≡ p2R′ 24ζ and
A(a˜) =
(
Ω−2(1 + ζ)− 2a˜)U (1− a˜, 2, ζΩ−2)− 2U (−a˜, 2, ζΩ−2) , (3.15)
B(a˜) =
(
2a˜− Ω−2(1 + ζ))M (1− a˜, 2, ζΩ−2)− 2(1 + a˜)M (−a˜, 2, ζΩ−2) . (3.16)
As already mentioned, for the majority of this paper we shall focus on the quadratic Higgs
VEV (α = 2). None the less it is worth pointing out the special case of a linear VEV. With
α = 1, (3.11) can be solved to give
fn = Nz
2U
(
ζˆ − an, 2, z
2
R′ 2
)
, where ζˆ = 1 +
g2h20
8R
and an =
m2nR
′ 2
4
. (3.17)
Once again imposing Neumann boundary conditions on the UV brane gives the condition
2(1 − ζˆ + an)zN
(
(an − ζˆ)U
(
1 + ζˆ − an, 2,Ω−2
)
+ U
(
ζˆ − an, 2,Ω−2
))
= 0,
which in turn implies ζˆ = 1 +
M2
W/Z
R′ 2
4 and
f0 = Nz
2U
(
1, 2,
z2
R′ 2
)
= N.
Hence in the case of a linear VEV (α = 1), the zero mode profile of the W and Z gauge
fields are flat. This can alternatively be seen by noting that ∂5f0 = 0 satisfies (3.11) when
g2h20 = 2m
2
0RR
′ 2. In models with warped extra dimensions, the deformation of the W and
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Z zero mode gives rise to a number of significant constraints, for example corrections to
the Zb¯b vertex, rare lepton decays and corrections to electroweak observables, in particular
the S parameter. One would anticipate that a flat W/Z profile would lead to a significant
suppression of such constraints, although one would expect that it would also be difficult
to generate the fermion mass hierarchy with a linear VEV.
3.3 Convergence of four fermion operators
We are now in a position to test whether or not the coefficients of the four fermion operators,
of interest to flavour physics, are divergent (at tree level) with respect to summing over
KK number. As we shall see, in section 5, these coefficients are determined by the integral
I =
∫ ∞
R
dz
∫ ∞
R
dz′ f iL/R(z)f
i
L/R(z)Gp(u, v)f
j
L/R(z
′)f jL/R(z
′). (3.18)
Typically this integral cannot be done analytically, although one can make a small mo-
mentum (i.e. small a) approximation3
Gp(u, v) ≈ R
′ 2
2R
(
1− exp
(
u2
R′ 2
)
− B(a)
A(a)
)(
1 +
av2
R′ 2
+O(a2)
)
. (3.19)
This allows (3.18) to be approximated as
I ≈ N2i N2j
R′ 2
4R
[∫ ∞
R
dzz−2c
i
0 exp
(−ci1z2
R′ 2
)(
1−exp
(
z2
R′ 2
)
−B
A
)((
cj1
R′ 2
)cj
0
− 1
2
Γ
(
1
2
−cj0,
z2cj1
R′ 2
)
+
a
R′ 2
(
cj1
R′ 2
)cj
0
− 3
2
Γ
(
3
2
− cj0,
z2cj1
R′ 2
))
+
∫ ∞
R
dz′ ((z → z′), (i↔ j))
]
. (3.20)
The point is that this can be approximately evaluated using∫ ∞
0
dx xµ−1e−βxΓ(ν, αx) =
ανΓ(µ+ ν)
µ(α+ β)µ+ν
2F1
(
1, µ+ ν;µ+ 1;
β
α+ β
)
,
but only when ci1 + c
j
1 − 1 > 0 and ci0, cj0 < 12 (i.e. only when the fermions are localised
towards the IR) [43]. Alternatively one can check when the integrand blows up. Making a
large x expansion of the Kummer functions gives
I ≈ N
2
i Γ(1 − a)N2j
2ARR′ 2
[∫ ∞
R
dz
∫ ∞
z′=z
dz′z2−2c
i
0 exp
(−ci1z2
R′ 2
)[
A
Γ(1− a) exp
(
z2
R′ 2
)(
z2
R′ 2
)−1−a
+B
(
z2
R′ 2
)a−1](
z′ 2
R′ 2
)a−1
z′ 2−2c
j
0 exp
(
−cj1z′ 2
R′ 2
)
+
∫ ∞
R
dz′
∫ ∞
z=z′
dz((z↔z′), (i↔j))
]
. (3.21)
Clearly, for large z the integrand will be dominated by the exponential and so will go to
zero only when, once again,
ci1 + c
j
1 − 1 > 0. (3.22)
3Here we have used that M(1, 2, x) = e
x
−1
x
and Taylor expanded x2U
“
1− a, 2, x
2
R′ 2
”
≈
R′ 2
Γ(1−a)
„
1 + ax
2
R′ 2
»
1− 2γ −Ψ(1− a)− ln( x
2
R′ 2
) + x
2
R′ 2
„
5−2Ψ(2−a)−4γ−2 ln( x
2
R′ 2
4
«–
+O
“
a2x4
R′ 4
”«
≈
R′ 2
Γ(1−a)
“
1 + ax
2
R′ 2
”
+O(a2), where Ψ is a digamma function and γ is the Euler constant.
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n = 1 n = 2
c1 = 0.5 c1 = 1 c1 = 1.5 c1 = 0.5 c1 = 1 c1 = 1.5
c0
mn
MKK
Yeff√
2λ
mn
MKK
Yeff√
2λ
mn
MKK
Yeff√
2λ
mn
MKK
Yeff√
2λ
mn
MKK
Yeff√
2λ
mn
MKK
Yeff√
2λ
0.3 1.41 1.90 2.00 1.34 2.45 1.10 2.00 2.62 2.83 1.85 3.46 1.51
0.4 1.41 1.88 2.00 1.33 2.45 1.09 2.00 2.60 2.83 1.84 3.46 1.50
0.51 1.43 1.89 2.02 1.34 2.47 1.09 2.01 2.59 2.84 1.83 3.48 1.50
0.6 1.48 1.93 2.10 1.37 2.57 1.12 2.05 2.62 2.90 1.85 3.55 1.51
0.7 1.55 1.98 2.19 1.40 2.68 1.14 2.10 2.66 2.97 1.88 3.63 1.53
Table 1. The masses and couplings of the first two KK fermion modes. Included is the effective
Yukawa coupling Y
(n,n)
eff for fermion fields that have a zero mode. MKK ≡ 1R′ = 1TeV, Ω = 1015.
It is straightforward to check this empirically, for the exact integrand, and it is found to
hold for every case checked. So, although we have not been able to prove it explicitly,
we strongly suspect that the coefficients of four fermion operators will only be convergent
when (3.22) is satisfied. That is to say, the four fermion operator coefficients will be
divergent, at leading order, if the fermions bulk mass term is not sufficiently z-dependent,
i.e. the c1 parameter is too small.
If one interprets the c1 values as arising from the Yukawa couplings then one would
anticipate that c1 ∼ h0λij. With h0 ∼ (250 GeV)/MKK then naively one would expect
that quite large Yukawa couplings (λij) are needed in order to arrive at order one c1 val-
ues. However, as was discussed in [14, 36], if the Yukawa couplings are too large one loses
perturbative control of the theory. One can use naive dimensional analysis to estimate an
upper bound, on the Yukawa couplings, from ensuring perturbative control over the one
loop correction to the fermion masses. In particular one requires
|Yeff |2
16π2
Λ2
m2n
< 1,
where Yeff is the effective coupling between the KK fermions and the Higgs. If one requires
that the theory is perturbative up to at least the second KK mode (Λ ∼ 2mn) then this
requires that Yeff . 2π. Before one can compute Yeff , one must specify the details of the
Higgs sector, in particular the bulk and brane potentials. However if we assume that the
Higgs VEV is dominated by the zero mode and so approximate the Higgs zero mode profile
by fH(z) ≈ Nh(z), such that
∫∞
R e
−ΦR3
z3
f2H = 1 and hence N ≈
√
2R′
h0
, this would imply that
Y
(n,m)
eff√
2
≈ Y√
2
∫ ∞
R
dz
R
z
fHf
(n)
L f
(m)
R ≈ λ
∫ ∞
R
dz
z
R′
f
(n)
L f
(m)
R , (3.23)
where the fermion profiles are given in (2.12). These effective couplings are shown in ta-
ble 1. Hence, as in the RS model, if c1 ∼ O(1) then one would anticipate losing perturbative
control of the theory, at a scale lower than the KK scale, when |λij | & 3. Unfortunately it
is difficult to make any concrete statements, about what scale one loses perturbative con-
trol of the theory, since we do not know the exact relation between the Yukawa couplings
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ci0 c
j
0 Propagator 5 KK modes 10 KK modes 20 KK modes
0.3 0.4 1.7550 × 10−8 1.6729 × 10−8 1.7158 × 10−8 1.7325 × 10−8
0.3 0.65 −1.8710 × 10−8 −1.7570 × 10−8 −1.8202 × 10−8 −1.8471 × 10−8
0.6 0.65 6.8463 × 10−9 6.1236 × 10−9 6.4615 × 10−9 6.6265 × 10−9
Table 2. In the propagator column is the quantity 1
p2
− I
f2
0
, while in the remaining columns is the
quantity − 1
f2
0
∑5,10,20
n=1
ging
j
n
p2−m2n
. Here Ω = 102, c1 = 1, p = 10GeV and MKK ≡ 1R′ = 1TeV.
and the c1 parameter. It is also possible that the z-dependent mass arises through some
alternative physics other than the Higgs. Due to these uncertainties in the model here we
shall not investigate potentially interesting effects arising from large or small c1 values.
Rather here we shall consider c1 values for which the results are reasonably independent
of the specific c1 value, in particular c1 = 0.5, 1, 1.5.
In practice, for large warp factors, the integral (3.18) is difficult to do even numerically.
In order to carry out the scans over parameter space required to study flavour, it is easier
to work with the individual KK modes. Eq. (3.18) can be equated to
I =
∞∑
n=0
ging
j
n
p2 −m2n
, where gin =
∫ ∞
R
dzf iL/R(z)fn(z)f
i
L/R(z), (3.24)
and fn is the gauge profile ((3.12) with ζ = 1). The question then remains, how many KK
modes should be summed over. In table 2 we compare this convergence for a low warp
factor. Note, at momenta much lower than the KK scale, the propagator is dominated by
the zero mode which we have subtracted off. We observe a reasonably good convergence.
In practice we sum over the first 15 KK modes and hence would expect an error of the
order of a few percent.
Before moving on to look at the results it is worth briefly looking at the relative gauge
fermion couplings plotted in figure 2a. The only reason why a convergence in (3.18) is
possible is because the higher KK modes are increasingly weakly coupled to the fermion
zero modes. One can also see that the couplings of the RS model do appear to fall away
more rapidly than those of the SW model, although it is not really possible to say much
when considering just 3 modes.
The scale of constraints from flavour physics is partly determined by the difference or
non-universality of the coupling of different flavours, particularly when they are localised
towards the UV brane (c0 >
1
2). This has been plotted in figure 2b for an arbitrary bulk
mass parameter of c0 = 0.65. Firstly one can see the source of the so called RS-GIM
mechanism since, when the the fermions are sitting towards the UV brane, the gauge
fermion coupling is approximately universal. One can also see, from figure 2b, that the SW
model has an equivalent level of universality to that of the RS model. Critically, one can
also see from figure 2a, that when the fermions are localised towards the UV, differences in
the couplings are dominated by differences in the c0 bulk mass term and not the c1 term.
Hence here assuming universal c1 parameters does not significantly change the results.
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(b)
Figure 2. The relative coupling between the fermion zero modes and the first (solid lines), second
(dashed lines) and third (dots) gauge KK modes for the RS model (black) and the SW model with
c1 = 0.5 (red), c1 = 1 (blue) and c1 = 1.5 (green). Here Ω = 10
15 and MKK ≡ 1R′ = 1 TeV. The
lower graph focuses on the universality of the couplings of fermions localised towards the UV brane.
However as one localises the fermions further and further towards the IR then one can see
that the couplings becomes increasingly sensitive to the c1 parameter.
– 17 –
J
H
E
P12(2011)101
0 0.2 0.4 0.6 0.8 10.88
0.9
0.92
0.94
0.96
0.98
1
1.02
c0
g 0(
Z)
/f 0
Figure 3. The coupling of the Z zero mode for the RS model (black) and the SW model with
c1 = 0.5 (red), c1 = 1 (blue) and c1 = 1.5 (green). Here Ω = 10
15 while MKK = 1TeV (solid lines)
and MKK = 3TeV (dashed lines).
4 The lepton sector
Before considering the quark sector we shall first look at the tree level decays involving just
the charged leptons. The advantage to this is that one need only fit to the lepton masses
and this will allow us to demonstrate the central physics a little more clearly. In light of the
current experimental status of the PMNS matrix one is inclined to favour configurations
with large charged lepton mixings (i.e. closely spaced c0 parameters). However here we
will consider scenarios with both large and small mixings.
We shall also consider only the zero modes of the fermions. One may be concerned
that, when the full mass matrix MM † is diagonalised, the mixing of the zero modes would
receive contributions from the terms that are off diagonal with respect to KK number. In
the RS model these off diagonal terms are partially suppressed by the orthogonality of the
fermion profiles (2.9) [12]. One would expect a similar effect being present in the SW model
although it would be partially reduced due to the presence of the Higgs profile. As in the
case of the RS model, one should be particularly cautious, about neglecting the contribu-
tion from the fermion KK modes, when one has matching c0 values. Since this gives rise to
particularly universal couplings which can, if the KK modes are not considered, exaggerate
the suppression of FCNC’s.
The process we will consider here is the tree level decay lj → lilil¯i which is given by [44]
Γ(lj → lili l¯i) =
G2Fm
5
lj
48π3
(
2|CLij |2 + 2|CRij |2 + |DLij |2 + |DRij |2
)
,
where
CL/Rij =
∑
n
M2Z
m2n
(
BL/R(n)
)
ij
(
BL/R(n)
)
ii
and DL/Rij =
∑
n
M2Z
m2n
(
BL/R(n)
)
ij
(
BR/L(n)
)
ii
,
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and
BL/R(n) =
1
f0
UL/R gn U
†
L/R.
UL,R are the unitary matrices that diagonalise the fermion mass matrix. This process
receives contributions from both the exchange of KK photons and KK Z bosons but in
practice we find it to be completely dominated by the deformation of the Z zero mode
plotted in figure 3. We do not include the contribution from the Higgs or KK modes of the
Higgs. The current experimental bounds on these processes are [45, 46]
Br(µ− → e−e+e−) < 1.0× 10−12,
Br(τ → µ−µ+µ−) < 2.1× 10−8,
Br(τ− → e−e+e−) < 2.7× 10−8.
4.1 Numerical analysis and results
This slightly simplified study essentially serves three purposes. Firstly, it allows us to look
at the central physics for a relatively simple example. Secondly, it allows us to compare the
results from the present model, with a z-dependent mass (2.8), with a model in which one
uses the Yukawa couplings to get a discrete fermion spectrum [30, 32]. Thirdly, it allows us
to test the validity of the assumption of a universal c1 value. This is rather crudely tested
by assuming a universal c1 value and then looking at the results for any c1 dependence. By
considering just these three decays, it is reasonable to just fit to the three charged lepton
masses. However, one still has a sizeable number of input parameters. Although we assume
a universal c1 value, we still allow for anarchic Yukawa couplings λ in (2.16). We shall also
assume real, flavour-diagonal c0 values.
Here we take the cL (c
(L)
0 ) as input parameters and randomly generate ten 3×3 complex
Yukawa couplings, |λij | ∈ [1, 3], allowing the cR values to be solved for by fitting to the
lepton masses [45].
me = 0.511 MeV mµ = 106 MeV mτ = 1780 MeV.
We then proceed to generate a further 10,000 Yukawa couplings and for each one compute
the branching ratios and lepton masses. Inevitably most of these configurations will not give
the correct masses, and so we take the 100 configurations which give the most accurate
masses. From these 100 configurations we plot the average of the branching ratios in
figure 4. We then repeat this for a hundred random KK scales MKK ≡ 1R′ ∈ [1, 10] TeV,
three c1 values and five cL values;
(A) cL = [0.710, 0.700, 0.690] (B) cL = [0.750, 0.700, 0.650]
(C) cL = [0.601, 0.600, 0.599] (D) cL = [0.650, 0.600, 0.550]
(E) cL = [0.560, 0.550, 0.540]. (4.1)
We then proceed to compute the branching ratios for the RS model using exactly the the
same method. In the literature there always appears to be a slight debate over what should
be referred to as the KK scale. Here we define the KK scale to be 1R′ for the SW model
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Figure 4. Branching ratios for rare lepton decays in the RS model (solid dots) and the SW model
with c1 = 0.5 (square), c1 = 1 (star) and c1 = 1.5 (diamond). The five configurations considered
are given in (4.1), i.e. (A) in red, (B) in magenta, (C) in blue, (D) in cyan and (E) in green.
Note the RS configuration (A) points have not been plotted due to the difficulty in obtaining
a reasonable fit to the masses. The black lines indicate the experimental bound although the
branching ratios for τ− → e−e+e− lie well below the experimental bound. Ω = 1015.
and kΩ for the RS model. However in the interests of comparison, when plotting the RS
points, we rescale MKK by a factor of
2.0
2.45 such that the mass of the first KK gauge mode
will, for both models, be about two times MKK. The results are plotted in figure 4.
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Firstly, it should be noted that the (C) configuration, with c1 ≈ 1, is in good agreement
with the equivalent calculation done without the z dependent mass term [32]. Secondly, as
one would expect, there is an increasing c1 dependence as one moves the fL profile towards
the IR, although this dependence is still small compared to changes in the c0 parameters,
e.g. going from configuration (C) to (D). None the less we find that this dependence is
negligible for configurations (A) and (B). Bearing in mind that these configurations typi-
cally have cR0 values sitting further towards the UV this suggests that the assumption of
universal c1 values is good when c
L
0 & 0.6 ( or c
R
0 . −0.6).
These figures also highlight the implications of the reduced c0 dependence in the range
of fermion masses (i.e. the gradient in figure 1). One can clearly see that as one localises
the left-handed fermions closer and closer towards the UV brane (i.e. larger cL values), the
scale of the branching ratios is reduced. In order to maintain the correct masses, the corre-
sponding right-handed fermions must sitter closer towards the IR. Sooner or later this leads
to a problem via either a large value of Br(τ− → µ−µ+µ−) or even a difficulty obtaining
the correct masses. However, due to this reduced gradient the corresponding cR0 are not as
extreme in the SW model as in the RS model. Hence the RS model has problematic points
in parameter space before the SW model. For example a Br(µ− → e−e+e−) < 10−18 is
difficult to achieve in the RS model but not in the SW model. In other words the reduced c0
dependence, in the SW model, gives rise to a larger phenomenologically viable parameter
space than in the RS model.
In a more complete study, that included processes such as µ→ eγ, it would be necessary
to include both neutrino masses as well as mixings. This would restrict the range of possible
configurations (4.1) but one would anticipate that the basic results still hold.
5 The quark sector
As mentioned in the introduction, some of the most stringent constraints on the RS model
come from FCNC’s in the kaon sector [14–16, 34, 47], so we wish to see how they are
affected in the SW model. As in [14, 16, 48], we integrate out the the non-zero gluon and
photon KK modes, as well as all weak gauge boson modes, at tree level, arriving at the 4D
effective Hamiltonian [49]
H△S=2
eff
=
5∑
i=1
CiQ
sd
i +
3∑
i=1
C˜iQ˜
sd
i . (5.1)
Here
Qsd1 = (d¯Lγ
µsL)(d¯LγµsL) Q˜
sd
1 = (d¯Rγ
µsR)(d¯RγµsR)
Qsd2 = (d¯RsL)(d¯RsL) Q˜
sd
2 = (d¯LsR)(d¯LsR)
Qsd3 = (d¯
α
Rs
β
L)(d¯
β
Rs
α
L) Q˜
sd
3 = (d¯
α
Ls
β
R)(d¯
β
Ls
α
R)
Qsd4 = (d¯RsL)(d¯LsR)
Qsd5 = (d¯
α
Rs
β
L)(d¯
β
Ls
α
R)
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Parameter 95% allowed range (GeV−2) Parameter 95% allowed range (GeV−2)
Re C1 [−9.6, 9.6] × 10−13 Im C1 [−4.4, 2.8] × 10−15
Re C2 [−1.8, 1.9] × 10−14 Im C2 [−5.1, 9.3] × 10−17
Re C3 [−6.0, 5.6] × 10−14 Im C3 [−3.1, 1.7] × 10−16
Re C4 [−3.6, 3.6] × 10−15 Im C4 [−1.8, 0.9] × 10−17
Re C5 [−1.0, 1.0] × 10−14 Im C5 [−5.2, 2.8] × 10−17
Table 3. Allowed ranges for the ∆F = 2 Wilson coefficients [50].
and α and β are colour indices. Model-independent bounds on the Wilson coefficients
Ci, C¯i have been given in [50], as quoted in table 3. Let us define the integral
I
(A)
ψkχlξmσn
=
3∑
i,j=1
(U †ψ)
ki(Uχ)
il
[∫ ∞
R
dz
∫ ∞
R
dz′f iψ(z)f
i
χ(z)G
(A)
p (u, v)f
j
ξ (z
′)f jσ(z
′)
]
(U †ξ )
mj(Uσ)
jn,
(5.2)
where ψ,χ, ξ, σ = L,R while UL/R are the unitary matrices that diagonalise the mass
matrices and i, j, k, l,m, n are flavour indices. The Wilson coefficients are then given by
C1 =
g2s
6
I
(G)
LdLsLdLs
+
g2
2c2w
(
1
2
− 1
3
s2w
)2
I
(Z)
LdLsLdLs
+
e2
18
I
(A)
LdLsLdLs
, (5.3)
C˜1 =
g2s
6
I
(G)
RdRsRdRs
+
g2s4w
18c2w
I
(Z)
RdRsRdRs
+
e2
18
I
(A)
RdRsRdRs
, (5.4)
C4 = −g2s I(G)LdLsRdRs , (5.5)
C5 =
g2s
3
I
(G)
LdLsRdRs
+
2g2s2w
3c2w
(
1
2
− 1
3
s2w
)
I
(Z)
LdLsRdRs
− 2e
2
9
I
(A)
LdLsRdRs
, (5.6)
where s2w = sin
2 θW , c
2
w = cos
2 θW , θW is the weak mixing angles and gs, g, e are the 5D
couplings of the (five-dimensional) gluon, Z and photon fields. Here we are not interested in
electroweak constraints, so we shall equate g2sf
2
0 = 4παs, g
2f20 = 4πα/s
2
w, and e
2f20 = 4πα.
The KL − KS mass difference and the indirect CP violation parameter ǫK follow
from the weak Hamiltonian (5.1). Because the former is more sensitive to uncertain long-
distance effects than the latter and because of the small experimental value (ǫK)exp =
(2.228 ± 0.011) × 10−3 [45], the stronger constraints are on the (CP-violating) imaginary
parts of the Wilson coefficients (cf table 3). These stronger constraints typically translate
into the strongest constraints on the model, as is the case in the RS model (or the MSSM,
for that matter). We expect the same to hold for the SW model. The new-physics (NP)
contributions to ǫK and ∆MK are calculated using [16]
ǫK =
κǫe
iϕǫ
√
2(△mK)exp
Im 〈K0|H△S=2
eff
|K¯0〉 , (5.7)
∆mK = 2Re 〈K0|H△S=2eff |K¯
0〉 (5.8)
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1TeV 3TeV 10TeV 30TeV
B1 0.407 0.395 0.384 0.374
B4 0.938 0.938 0.938 0.938
B5 -0.336 -0.373 -0.404 -0.427
Table 4. “Bag” factors Bi(µ) for the relevant hadronic matrix elements at representative renor-
malisation scales.
where ϕǫ = 43.51
◦ and κǫ = 0.92 [51]. The hadronic matrix elements of the four-fermion
operators are parameterised as
〈K0|Qsd1 (µ)|K¯0〉 =
mKf
2
K
3
B1(µ) ,
〈K0|Qsd4 (µ)|K¯0〉 =
(
mK
md(2MKK) +ms(2MKK)
)2 mKf2K
4
B4(µ) ,
〈K0|Qsd5 (µ)|K¯0〉 =
(
mK
md(2MKK) +ms(2MKK)
)2 mKf2K
12
B5(µ) ,
where mK = 497.6MeV, fK = 156.1MeV, and we have indicated the dependence on the
renormalisation scale µ. Tremendous effort has gone into higher-order corrections to the
SM calculation of C1, to the formula (5.7) , and the determination of the Bi-factors, in
particular the SM one, B1. In fact, some recent studies have hinted that the SM contri-
bution may be slightly too small to explain the experimental value [52, 53]. While this is
intriguing, in view of our tree-level analysis and other approximations made, we will ignore
the SM contributions, comparing the new-physics contribution in this model directly to the
experimental values for ǫK and ∆MK . We also restrict ourselves to a leading-log analysis,
renormalising our Wilson coefficients at µ = µ0 = 2MKK and evolving [54] (at leading log)
the bag factors given in [55] up to µ0. Representative numerical values are given in table 4.
5.1 Numerical analysis and results
Here we wish to investigate two points. Firstly, can the SW model reproduce the correct
quark masses and mixing angles and secondly, to what extent are FCNC’s suppressed.
However, even if one assumes real, flavour-diagonal, bulk mass parameters and universal,
order unity, c1 values then one still has 18 complex Yukawas and 9 real c0 parameters to fit.
Such a large parameter space gives rise to an under constrained problem or in other words
the existing constraints from flavour physics can always be satisfied with sufficient tuning
of the free parameters. Hence the relevant question, we wish to address here, is which
of the two models requires the least tuning in order to reproduce all existing observables.
Ideally one should carry out a full Monte Carlo analysis, although accurately carrying out
the integrals is numerically too slow for this to be a computationally viable option. An-
other possible approach would be to compute the fine tuning parameter (introduced in [56])
including all know observables. However this approach would offer no indication as to the
‘typical’ size of a given observable in a given model.
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Configuration cuR c
d
R
(A)
c1 = 0.5 [−0.66 ± 0.04, −0.47± 0.12, 0.46± 0.10] [−0.63 ± 0.01, −0.61 ± 0.01, −0.57 ± 0.01]
c1 = 1 [−0.65 ± 0.04, −0.45± 0.11, 0.47± 0.07] [−0.62 ± 0.01, −0.60 ± 0.01, −0.56 ± 0.01]
c1 = 1.5 [−0.64 ± 0.03, −0.43± 0.13, 0.45± 0.13] [−0.62 ± 0.01, −0.59 ± 0.01, −0.56 ± 0.01]
RS [−0.62 ± 0.01, −0.44± 0.05, 4.63± 1.98] [−0.60 ± 0.01, −0.58 ± 0.01, −0.55 ± 0.01]
(B)
c1 = 0.5 [−0.69 ± 0.03, −0.52± 0.03, 0.38± 0.18] [−0.66 ± 0.01, −0.61 ± 0.01, −0.60 ± 0.01]
c1 = 1 [−0.69 ± 0.07, −0.46± 0.14, 0.46± 0.13] [−0.65 ± 0.01, −0.61 ± 0.01, −0.58 ± 0.01]
c1 = 1.5 [−0.67 ± 0.01, −0.46± 0.12, 0.45± 0.15] [−0.65 ± 0.01, −0.60 ± 0.01, −0.58 ± 0.01]
RS [−0.65 ± 0.01, −0.48± 0.04, 1.09± 0.67] [−0.63 ± 0.01, −0.59 ± 0.01, −0.57 ± 0.01]
(C)
c1 = 0.5 [−0.72 ± 0.04, −0.56± 0.01, −0.25± 0.22] [−0.69 ± 0.01, −0.65 ± 0.01, −0.62 ± 0.01]
c1 = 1 [−0.71 ± 0.01, −0.53± 0.08, 0.06± 0.33] [−0.68 ± 0.01, −0.64 ± 0.01, −0.61 ± 0.01]
c1 = 1.5 [−0.70 ± 0.03, −0.52± 0.06, 0.30± 0.32] [−0.68 ± 0.01, −0.63 ± 0.01, −0.60 ± 0.01]
RS [−0.68 ± 0.01, −0.53± 0.01, −0.06± 0.14] [−0.66 ± 0.01, −0.62 ± 0.01, −0.60 ± 0.01]
(D)
c1 = 0.5 [−0.74 ± 0.01, −0.60± 0.01, −0.37± 0.08] [−0.72 ± 0.01, −0.67 ± 0.01, −0.62 ± 0.01]
c1 = 1 [−0.73 ± 0.01, −0.58± 0.01, −0.23± 0.21] [−0.71 ± 0.01, −0.67 ± 0.01, −0.61 ± 0.01]
c1 = 1.5 [−0.73 ± 0.01, −0.56± 0.06, −0.15± 0.24] [−0.71 ± 0.01, −0.66 ± 0.01, −0.61 ± 0.01]
RS [−0.72 ± 0.01, −0.57± 0.01, −0.29± 0.06] [−0.69 ± 0.01, −0.65 ± 0.01, −0.61 ± 0.01]
(E)
c1 = 0.5 [−0.77 ± 0.01, −0.63± 0.01, −0.43± 0.03] [−0.75 ± 0.01, −0.71 ± 0.01, −0.63 ± 0.01]
c1 = 1 [−0.76 ± 0.01, −0.62± 0.01, −0.36± 0.07] [−0.74 ± 0.01, −0.71 ± 0.01, −0.62 ± 0.01]
c1 = 1.5 [−0.76 ± 0.01, −0.62± 0.01, −0.21± 0.24] [−0.73 ± 0.01, −0.70 ± 0.01, −0.61 ± 0.01]
RS [−0.74 ± 0.01, −0.61± 0.01, −0.35± 0.05] [−0.72 ± 0.01, −0.69 ± 0.01, −0.61 ± 0.01]
Table 5. Bulk mass parameters (cR = c
Ri
0 ) of the right-handed fermions obtained by fitting
to quark masses and mixing angles with the left-handed fermions having the bulk configurations;
(A) cL = [0.72, 0.64, 0.52], (B) cL = [0.69, 0.63, 0.49], (C) cL = [0.66, 0.60, 0.42], (D) cL =
[0.63, 0.57, 0.34], (E) cL = [0.60, 0.52, 0.25]. Quoted is the mean and standard deviation taken
over 50 random points, see text.
The approach taken here is to find points in parameter space that give the correct
masses, mixing angles and Jarlskog invariant and then proceed to calculate the size of
the additional contributions, to ǫK and ∆mK , from the KK gauge fields. In selecting such
points one should be aware of two factors. Firstly, is the point fine tuned, i.e. are the output
observables sensitive to small changes in the input parameters. Secondly, is the point a
particularly rare point in parameter space. In order to address the second issue, here we
endeavour to scan over as wide a range of the parameter space as is computationally viable.
For the first point we will compute the fine tuning parameter at each point considered. To
be a little more explicit our method is as follows.
• With the exception of the overall warp factor (Ω = 1015) and the KK scale, the only
input parameters we fix by hand are the bulk mass parameters cL and the universal
c1 parameter. Here we consider five configurations of cL
(A) cL = [0.72, 0.64, 0.52] (B) cL = [0.69, 0.63, 0.49]
(C) cL = [0.66, 0.60, 0.42] (D) cL = [0.63, 0.57, 0.34]
(E) cL = [0.60, 0.52, 0.25] (5.9)
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Figure 5. The mean values of ǫNPK and ∆m
NP
K for the RS model (stars) and the SW model with
c1 = 1.5 (circles), c1 = 1 (squares) and c1 = 0.5 (diamonds). The cL values are given in (5.9). For
the SW model configuration (A) is plotted in dark blue, (B) is plotted in light blue, (C) is plotted
in cyan, (D) is plotted in light green and (E) is plotted in dark green. While for the RS model (A)
is plotted in dark red, (B) is plotted in light red, (C) is plotted in orange, (D) in yellow and (E) in
dark yellow. For both the RS model and the SW model the mass of the first gauge KK mode will
be about two times MKK. Note plotted here are the average values. Typically one can always find
tuned points, in parameter space, that satisfy the experimental constraints for all configurations
and all KK scales considered. Ω = 1015.
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Figure 6. The percentage of points that are consistent with experimental values. The colours
and points correspond to those used in figure 5. Due to the fact that only a 100 points were used,
a large number of the configurations and KK scales considered yielded either one or zero points
consistent with ǫK (figure 6a). Such configurations would require a significant level of tuning in
order to be consistent with experimental constraints.
and three c1 values, c1 = 0.5, 1, 1.5. The five cL configurations have been chosen
such that they give roughly the correct mixing angles. Note that for configurations
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with 0.74 < cL10 (c
1
L) < 0.60 it becomes increasingly difficult to get a good fit to the
quark masses without including quite large bulk mass parameters.
• Next we find the ‘natural’ cuR and cdR values. By natural we mean the bulk mass
parameters that give the correct masses and mixing angles assuming that there is no
hierarchy in the Yukawa couplings. For this we generate ten sets of two Yukawa matri-
ces and for each one solve for c
u/d
R by fitting to the quark masses. To avoid accidentally
using a fairly extreme Yukawa, the cR values used is the median of these ten values.
The Yukawa matrices are generated such that |λij | ∈ [1, 3]. As discussed in section 3.3
we avoid using large Yukawa couplings. These average cR values are given in table 5.
• With the nine bulk mass parameters fixed, we proceed to find 100 points in parameter
space, that give the correct quark masses, mixing angles and Jarlskog invariant by
solving for the Yukawa couplings. The quark masses are run up from 2GeV to the
mass of the first KK gauge mode (2MKK) using the 2GeV values
mu = 2.5 MeV mc(3 GeV) = 0.986 GeV mt = 164 GeV
md = 4.95 MeV ms = 96.2 MeV mb = 4.163 GeV (5.10)
and the mixing angles are [45, 50]
Vus = 0.2254 ± 0.00065 Vcb = 0.0408 ± 0.00045
Vub = 0.00376 ± 0.0002 J = 2.91+0.19−0.11 × 10−5. (5.11)
• By randomly generating the initial guess of the solver one would anticipate that these
points would be spread evenly over the parameter space. However one still needs to
check the level of tuning required to obtain masses and mixing angles. Hence here
we compute the fine tuning parameter [56]
∆BG(Oi, pj) =
∣∣∣∣ pjOi
∆Oi
∆pj
∣∣∣∣ , (5.12)
where the observables, Oi, run over all the masses, mixing angle and Jarlskog in-
variant and the input parameters, pj, run over the all the Yukawas. In practice we
vary the Yukawas over a range of 0.1 + 0.1i (i.e. ∆pj). The fine tuning parameter is
then taken as the maximum value with respect to both input parameters and output
parameters. Plotted in figure 7 is the mean value taken over the 100 points.
• Having found these 100 viable points in parameter space we proceed to compute the
size of the contributions to ǫK and ∆mK. The mean value, taken over these 100
points, have been plotted in figure 5. We have also plotted, in figure 6, the percent-
age of the points that are consistent with experimental results. Again in the case of
the RS model the KK mass has been scaled by a factor of 22.45 such that the mass of
the first gauge KK mode would be about the same in the two models.
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Figure 7. The fine tuning parameter giving an indication of the sensitivity of the quark masses,
mixing angles and Jarlskog invariant to variations in the Yukawa couplings. The colours and points
correspond to those used in figures 5.
• This process is then repeated for 50 KK scales, randomly chosen such that
MKK ∈ [1, 10] TeV, for both the RS model and the SW model with c1 = 0.5, c1 = 1
and c1 = 1.5 and also at each configuration in (5.9).
As mentioned before, it is hoped that this approach will offer an unbiased spread of
points over the region of parameter space of relevance to generating SM fermion masses
and mixing angles. Let us turn now to the first question, posed at the beginning of this
section, can the SW model generate the correct fermion masses and mixings? As one would
expect the answer is yes. For both the RS model and the SW model, not one of the points
plotted in figure 7 show any sign of significant fine tuning (i.e ∆BG > 10). This is of course
because of bulk configurations (5.9) taken as input parameters. Had one chosen more UV
or IR localised configurations then clearly more tuning would have been required in order
to get the correct masses and mixing angles.
This then brings us to the second question, related to the the suppression of FCNC’s.
By grouping points in parameter space according to their configurations of bulk mass pa-
rameters (5.9), one is essentially comparing points which require equivalent levels of tuning
in order to obtain the correct masses and mixing angles (see figure 7). Even with this
comparison it is still difficult to meaningfully quantify the extent to which FCNC’s are sup-
pressed. None the less one can see that, for all points considered, FCNC’s are considerably
more suppressed in the SW model than in the RS model with an equivalent level of tuning.
– 28 –
J
H
E
P12(2011)101
For example, one can see from figure 6a that, in the SW model with configuration (E), in
order to have about 20% of the points consistent with ǫK one would require MKK & 4TeV
(corresponding to a KK gluon mass of ∼ 8TeV). Where as in the RS model one would
requireMKK & 10TeV (corresponding to a KK gluon mass of ∼ 25TeV). Alternatively one
can look at the total number of points that satisfy the ǫK constraint regardless of KK scale.
In the SW for configuration (E) with c1 = 1.5, 1, 0.5 this is about 31%, 31%, 19% respec-
tively. While for configuration (A) this is about 4.2%, 2.5%, 2.6%. This can be compared
to the RS model which is about 8% for configuration (E) and 0.22% for configuration (A).
There are a number of factors contributing to this increased suppression of FCNC’s.
The extent to which FCNC’s are suppressed is largely determined, at tree level, by how
universal the gauge-fermion couplings, that appear in (5.2), are. As can be seen in figure 2a,
as one localises the fermions further and further towards the UV, the gauge fermion coupling
becomes increasingly universal. While this is true for both the SW model and the RS model
one can also see, from figure 2b, that in the SW model, with c1 & 1 that the gauge fermion
couplings are slightly more universal than the RS model. In addition to this in the SW
model, due to the presence of the bulk Higgs, the fermions will typically sit slightly further
towards the UV than in the RS model (see table 5). This effect should be combined with
the reduced c0 dependence in the range of possible fermion masses (the gradient in figure 1).
This results in avoiding extreme bulk mass parameters in configurations in which either the
left-handed or right-handed fermions are localised quite far towards the UV. For example,
see cu3R for configurations (A) and (B) in table 5 for an extreme example. When all these
effects are combined one finds that, for all points in parameter space considered, FCNC’s
are more suppressed in the SW model than in the RS model.
One of the underlying assumptions in this analysis is that of a universal c1 value.
However, upon examining the results one can see that, despite most of the bulk mass
parameters of relevance to kaon physics having cR0 . −0.6, there is still a very small c1
dependence. In particular smaller c1 values tend to give slightly more UV localised fermions
and slightly less universal gauge fermion couplings. These effects are quite small and hence
negligible when compared to varying the bulk mass parameters, c0. So here we would argue
that these results would not change significantly if one was to relax this assumption. None
the less, since the exact origin of the c1 term has not been clearly defined it is not clear if this
number can be quite large or small. Here we shall leave investigation of this to future work.
It should also be stressed that this cannot be considered a complete study for a number
of reasons. Firstly we only consider tree level gauge mediated FCNC’s. One would also
anticipate additional contributions to FCNC’s arising from, for example, the dilaton or
the Higgs [36, 57–59]. The inclusion of such additional contributions would inevitably
enlarge the parameter space and hence make a fair comparison with the RS model more
difficult. However one would anticipate that such fields would be IR localised and hence
such FCNC’s should also be suppressed. Secondly we also only focus on kaon physics. One
can see from table 5 that a study involving top physics or B physics would involve fermions
sitting further towards the IR where the assumption of universal c1 values is arguably less
valid. So here we will leave a more comprehensive study to future work.
It is important to realise that the central physics involved in this result is not necessarily
related to the soft wall but rather the change in the relationship between fermion masses
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and their positions. In particular the reduction of the gradient in figure 1. One would
anticipate such an effect showing up, to some extent, in any bulk Higgs scenario. For
example, a similar reduction, in the constraints from ǫK , was found in the RS model with
a bulk Higgs in [34]. However soft wall models offer a framework in which the Higgs can
propagate in the bulk and the gauge hierarchy problem can still potentially be resolved.
6 Discussion and conclusions
The primary motivation of this paper was to demonstrate that the description of flavour
that exists in the RS model can be transferred across to the SW model. Here we believe
that we have done this but there is one major difference. Whereas in the RS model, with
the Higgs on the brane, the fermion masses are determined by the end points of the fermion
profiles, in the SWmodel they are determined by the overlap integral of the Higgs VEV and
the fermion profiles. This gives rise to two significant differences between the SWmodel and
the RS model. Firstly, although the range of possible masses still falls exponentially, in the
SW model the exponent is no longer constant. Secondly, with both left-handed and right-
handed fermions sitting towards the UV one obtains a minimum possible fermion mass.
Both the gradient in the fermion masses and the minimum fermion mass are very
sensitive to both the warp factor and the form of the Higgs VEV. One would also suspect
that it would be sensitive to the form of the dilaton background value as well. Although
here we have fixed ν = 2 in order to arrive at a Regge scaling in the KK masses. It should
also be noted that one cannot obtain the hierarchy of fermion masses if the warp factor
is too small or the Higgs VEV is too flat. However, with a warp factor of Ω = 1015 the
case of a quadratic Higgs VEV is particularly interesting since it results in a minimum
fermion mass being approximately fifteen orders of magnitude lower than the EW scale.
This appears to be in rough agreement with the observed range of neutrino masses and
hence the majority of this paper has focused on this case. Further still it was found in [26]
that an approximately quadratic Higgs VEV gave the lowest EW constraints.
Having restricted the study to that of a quadratic Higgs VEV we proceeded to investi-
gate the implications for flavour physics. Studies of flavour in the SW model suffer from a
number of additional complications to that of the RS model. Firstly, one must necessarily
ensure that the bulk fermions gain a z-dependent mass term in order to obtain a discrete
KK spectrum. The most natural source of such a mass term is the Yukawa couplings to the
Higgs. However here, following [31], we use a generic bulk mass (2.8) term which could or
could not be related to the Yukawa couplings. The advantage to this bulk mass term is that
it allows for analytical expressions to be obtained for the fermion profiles and hence simpli-
fies the study. The disadvantage is that one does not know the precise relationship between
the c1 parameters and the Yukawa couplings. Fortunately it is found that when the fermions
are localised towards the UV and one assumes c1 ∼ O(1) then the results are relatively
independent of c1. Hence for the physics considered here, notably kaon physics and lepton
decays, one can assume a universal c1 value and still arrive at a reasonably reliable result.
The situation receives an additional complication when one tries to estimate at what
scale one loses perturbative control of the calculation. With the KK masses scaling as
m2n ∼ n, one would naively expect a tree level sum over the KK tower to be logarithmically
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divergent. I.e. tree level processes are dominated by the higher KK modes and hence
one must impose a cut off in the KK number. By computing the five dimensional gauge
propagator, it is demonstrated that this divergence does not occur provided the fermions
gain a sufficiently z-dependent mass term, i.e. c1 & 0.5. If one assumes that the Yukawa
couplings are the source of the c1 term and that c1 ∼ λh0 then this would suggest that one
needs large Yukawa couplings to avoid such a tree level divergence. However this would
result in a loss of perturbative control, at next to leading order, at a scale much lower than
the KK scale. Alternatively one could look for an another source of the z-dependent mass
term such as couplings to the dilaton or a Goldberger-Wise scalar [33].
None the less, assuming c1 ∼ O(1) and a quadratic Higgs VEV, we are then able to
investigate the phenomenological implications of the change in the range of possible fermion
masses. Due to the difficulties in quantifying the extent to which FCNC’s are suppressed
here we choose to compare the SW model to the well studied RS model. In other words,
we are using the RS model as a point of reference. Firstly, a relatively simple study of rare
lepton decays is made primarily to check the assumption of universal c1 values as well as
allowing for comparison with some earlier work [32]. With c1 ≈ 1, good agreement is found
with models in which the backreaction of the Yukawa couplings, on the fermion profiles, is
included. Next we proceed to examine K0−K¯0 mixing for both the RS model and the SW
model, comparing points in parameter space that require equivalent levels of tuning in order
obtain the correct masses, mixing angles and Jarlskog invariant. It is found that, in the
SW model, the fermions typically sit slightly further towards the UV than in the RS model,
with a brane localised Higgs. Also the gauge fermion couplings are slightly more universal.
This results in FCNC’s being more suppressed in SWmodel than in the RS model for nearly
all points in parameter space considered. Hence here we would conclude that, despite its
computational difficulties and uncertainties, the SWmodel arguably offers a more appealing
description of flavour than the RS model. This result, coupled with the result of [26, 27],
suggests that there is a strong case to be made for considering models with a bulk Higgs.
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